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We investigate the effect of short chains on slip of highly entangled polystyrenes (PS) during thin
film dewetting from non-wetting fluorinated surfaces. Binary and ternary mixtures were prepared
from monodisperse PS with weight average molecular weights 5 < Mw < 490 kg/mol. Flow dynamics
and rim morphology of dewetting holes were captured using optical and atomic force microscopy. Slip
properties are assessed in the framework of hydrodynamic models describing the rim height profile
of dewetting holes. We show that short chains with Mw below the polymer critical molecular weight
for entanglements, Mc, can play an important role in slip of highly entangled polymers. Among
mixtures of the same Mw, those containing chains with M < Mc exhibit larger slip lengths as the
number average molecular weight, Mn, decreases. The slip enhancement effect is only applicable
when chains with M < Mc are mixed with highly entangled chains such that the content of the
long chain component, φL, is dominant (φL < 0.5). These results suggest that short chains affect
slip of highly entangled polymers on non-wetting surfaces due to the physical or chemical disparities
of end groups, and any associated dynamical effect their presence may have, as compared to the
backbone units. The enhanced slip in this regard is attributed to the impact of chain end groups
or short chain enrichment on the effective interfacial friction coefficient. Accordingly, for entangled
PS, a higher concentration of end groups or short chains at the interface results in a lower effective
friction coefficient which consequently enhances the slip length.
In contrast to the commonly applied no-slip boundary
condition of small molecule fluids, wherein the bulk fluid
flow extrapolates to zero velocity at the solid boundary,
polymer melts can exhibit a considerable range of bound-
ary conditions from no slip to strong slip. The extent
of polymer slip depends on a variety of factors, mainly
including the substrate surface chemistry and physical
structure, and the polymer chain size.1 Highly entangled
polymer melts exhibit strong slip during flow on low sur-
face energy substrates, however, the slip length is signif-
icantly reduced if highly adsorbing substrates are used
instead.1 Aside from the fundamental interest associated
with polymer molecules flowing against a solid boundary,
a thorough understanding of the extent of polymer slip
is also critical in many practical applications. Knowl-
edge of slip properties allows for the correct measure-
ment and characterization of material properties such as
viscosity,2 as well as allowing for improved manufactur-
ing processes,3,4 spreading of paints and coatings,5 and
surface finishes of polymeric products.6 Such knowledge
is also vital for developing more accurate microscopic slip
theories for better model predictions.7,8
In polymer flow, slip can be due to cohesive and/or ad-
hesive failure, the failure mode is mainly governed by the
substrate surface energy and shear rate.6–9 On a high sur-
face energy substrate such as glass or steel, some polymer
chains adsorb onto the solid wall forming an adsorbed
layer of molecular size above the solid/liquid interface
while others move with the bulk flow above them. Dur-
ing flow at shear rates large compared to molecular re-
laxation frequencies,7,10 the polymer starts to slip away
on the adsorbed layer due to cohesive failure. Slip in
this case is called apparent slip since the chains in direct
contact with the substrate are not in motion, yet the
bulk velocity profile does not extrapolate to zero at the
substrate. At high shear rates, the slip mechanism may
change to adhesive failure if desorption occurs.9 Dynam-
ics of slip on high surface energy substrates is therefore
mainly controlled by the density of adsorbed chains, their
bonding energy to the wall, and the number of entangle-
ments between adsorbed and mobile chains.9–12
On smooth and non-adsorbing surfaces,9 for example
substrates with low surface energies, slip is more com-
monly attributed to adhesive failure with mobile chains
directly in contact with the solid surface. Polymer slip on
non-adsorbing walls, called true slip, is shear stress inde-
pendent in the Navier linear model and controlled by the
chain/wall friction coefficient and polymer viscosity.7,13
A mesoscopic inference of the flow profile, as discussed
here for the case of dewetting polymer films, can lead to
a determined slip length which is a combination of true
and apparent slip.
The slip behavior of monodisperse polymers on high
surface energy1,10 and low surface energy substrates13,14
has been studied extensively in the past since monodis-
perse melts are considerably simpler to model. Industrial
polymers, however, are polydisperse largely due to cost
considerations with regard to polymerization of monodis-
perse polymers.15 The polydispersity effect on apparent
slip of polymers has previously been explored.11,12,15–18
In these studies, it was shown that the polymer slip on
adsorbing walls may significantly be affected by the size
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2and content of short chains in the system. Interestingly,
the presence of weakly entangled chains in an other-
wise highly entangled melt can in fact enhance the slip
length.11,12. This enhanced slip was partly attributed to
the enrichment of short chains at the slip plane which re-
duces the number of entanglements between the adsorbed
and mobile chains.18,19
The effect of polydispersity on slip near low sur-
face energy substrates has not yet been fully explored.
Theoretical7,9,20 and experimental14 studies on slip of
polymers on solid substrates have, to the best of our
knowledge, been focused on monodisperse samples only.
Polymer melts with large polydispersity indices are rich
in the number of end groups but may also contain a sig-
nificant number of entanglements. While entanglements
are known to enhance slip through an enhanced viscosity
as compared to the monomeric friction coefficient, chain
ends as well as short chains are known to localize near
interfaces22–24 as compared to the bulk, with subsequent
measurable effects on surface and interfacial properties,21
possibly including the slip length.
A simple tool to study the effect of polydispersity on
polymer slip along low energy substrates is the dewet-
ting experiment.25–27 In this experiment, a hole is formed
in a film ca. 100 nm thick, and grows due to a result-
ing reduction in the capillary energy. Recent theoretical
and experimental studies have focused on the detailed
morphology of the rim collected ahead of the hole.13,28
These investigations showed that the boundary condi-
tion at the polymer/wall interface directly governs the
rim morphology of the dewetting front.13,28 Specifically,
the relaxation of the front into the undisturbed portion
of the film is characterized with one or two relaxation
length scales. Using these length scales, the slip length
is derived through the use of hydrodynamic models in-
corporating a linear Navier slip boundary condition. The
technique, here referred to as rim profile analysis, is a reli-
able method of slip length determination using dewetting
experiments.
In the present work, we investigate the effect of short
chains on slip of highly entangled polystyrene (PS) mix-
tures on fluorinated substrates as a preliminary step to-
wards understanding the more complex subject of poly-
dispersity. To this end, thin PS films dewetting from
fluoropolymer (AF 2400) coated Si wafers are examined.
Binary and ternary mixtures of long and short chains
with different compositions are studied in a systematic
manner. Results show that short chains of molecular
weights, M , below the polymer critical molecular weight
for entanglements, Mc, play an important role in slip
of polymer mixtures near low energy surfaces. Among
mixtures of the same weight average molecular weight,
Mw, (given that the longest chains are the same among
all mixtures), mixtures containing chains of M < Mc
exhibit larger slip lengths than those containing short
chains of M > Mc. This is attributed to physical or
chemical disparities between end groups and backbone
units, whose presence may also induce dynamical hetero-
geneity reflected in the slip length. The implication is
that PS melts enriched with end groups exhibit a lower
effective friction coefficient on fluorinated surfaces than
melts with a higher concentration of backbone units.
EXPERIMENTAL METHODS
We used atactic polystyrene (Polymer Source Inc.)
with Mw = 5.4, 28.4, 53.3, 86.4, 135.8 and 490 kg/mol
and polydispersity indices below 1.05. In the follow-
ing, these polymers are referred to as monodisperse
polystyrenes with short-hand notations, e.g., PS(5k). Bi-
nary and ternary mixtures of different weight fractions
were prepared from monodisperse samples.
In all our mixtures, PS(490k) was used as the primary
high molecular weight component (HMW); other poly-
mers were treated as the low molecular weight compo-
nents (LMW). Several sample sets were examined, the
precise details of which are shown in Table 1:
• S1m: monodisperse PS samples.
• S2fw: binary and ternary mixtures of a fixed Mw =
318±2 kg/mol and varying number average molec-
ular weight, Mn.
• S3fc: binary mixtures of a fixed content of HMW
(φPS(490k) = 90 wt%) and varying LMW – this
sample set is denoted by e.g. S3fc(5k) and has an
approximately constant weight average molecular
weight, expressed as Mw = 447 ± 5 kg/mol. We
note that this spread of Mw is similar to the varia-
tion in M expected for pure components (e.g., the
PS(490k) used here).
• S4bi(28k): binary mixtures of PS(28k) and
PS(490k) with different compositions.
• S5bi(86k): binary mixtures of PS(86k) and
PS(490k) with different compositions.
To obtain homogeneous solutions for spin coating,
samples were dissolved in toluene: the solution was
stirred for one day at room temperature and remained
on shelf for two additional days to ensure homogeneity.
The polymer concentration in toluene for each sample
was different depending on the molecular weight (max.
' 25 mg/ml) in order to obtain films of undisturbed
thicknesses, h0, in the range of 100 – 200 nm when solu-
tions were spin coated onto freshly cleaved mica sheets.
All films spin coated on mica were pre-annealed in
air (Linkam) at 150 ◦C for 1 hr which serves to re-
move residual stress and solvent. The films were then
floated onto the surface of an ultra-clean water bath
3TABLE I. Polymer mixtures and dewetting temperatures examined in this worka
Sample set Sym. Td (
◦C) φ5k φ28k φ53k φ86k φ136k φ490k Mn Mw
PS(5k) 110 1 - - - - - 4.7 5.4
PS(28k) 120 - 1 - - - - 27 28.4
S1m PS(53k) 140 - - 1 - - - 51 53.3
monodisperse PS PS(86k) 140 - - - 1 - - 85.5 86.4
PS(136k) 140 - - - - 1 - 130 135.8
PS(490k) 150 - - - - - 1 465 490
S2fw: S2fw(20k) 130/140/150 0.22 - - - 0.19 0.59 20 316
Mw fixed and varying Mn S2fw(86k) 130/140/150 - 0.25 - - 0.14 0.60 86 320
S2fw(206k) 130/140/150 - - - - 0.49 0.51 206 316
S3fc(5k) 150 0.10 - - - - 0.90 43 442
S3fc: S3fc(28k) 150 - 0.10 - - - 0.90 177 444
PS(LMW)-PS(490k) S3fc(53k) 150 - - 0.10 - - 0.90 257 446
φPS(490k) = 0.90 S3fc(86k) 150 - - - 0.10 - 0.90 322 450
S3fc(136k) 150 - - - - 0.10 0.90 370 455
S4bi(28k)-70% 130 - 0.70 - - - 0.30 38 167
S4bi: S4bi(28k)-50% 130 - 0.50 - - - 0.50 51 259
PS(28k)-PS(490k) S4bi(28k)-30% 140 - 0.30 - - - 0.70 79 352
S4bi(28k)-10% 150 - 0.10 - - - 0.90 177 444
S5bi: S5bi(86k)-70% 140 - - - 0.70 - 0.30 113 208
PS(86k)-PS(490k) S5bi(86k)-50% 140 - - - 0.50 - 0.50 144 288
S5bi(86k)-30% 140 - - - 0.30 - 0.70 199 369
S5bi(86k)-10% 150 - - - 0.10 - 0.90 322 450
a Units of Mn and Mw are in kg/mol.
(TKA-GenPure, 18.2 MΩ cm, total organic carbon con-
tent < 5 ppb) after which they were picked up from
the air/PS surface29 using hydrophobized Si wafers (Si-
Mat Silicon Materials, 100 crystal orientation). Hy-
drophobization was accomplished using the fluoropoly-
mer AF 2400 (Poly[4,5-difluoro-2,2-bis(trifluoromethyl)-
1,3-dioxide-co-tetrafluoro-ethylene], Sigma-Aldrich) with
a coating thickness of h0 = 15 nm. Such a surface treat-
ment leads to a surface energy of ca. 15 mJ/m2.14
Samples were heated to above their glass transition
temperature, Tg, (for PS: Tg ≤ 100 ◦C) to start dewet-
ting by the nucleation and growth mechanism. Optical
microscopy (Leitz) and AFM (Multimode) were used to
capture flow dynamics and rim morphology of the dewet-
ting holes. In all experiments, only holes growing with
at least a 10 min delay after the dewetting temperature
(110 ≤ Td ≤ 150 ◦C) was reached were examined. This
can be considered as additional annealing of films on the
hydrophobized substrate allowing films to be less affected
by frozen-in stresses.30
RESULTS AND DISCUSSION
Characterization of slip length, b, using the rim profile
analysis of the wet side of dewetting holes has previously
been well established.13 Here, we use the third-order Tay-
lor expansion of the full Stokes model developed by Fet-
zer et al.13,14 to extract the slip length. Examples of the
fitting procedure using the rim profile analysis for two
monodisperse samples PS(28k) and PS(490k) are shown
in Figure 1, with normalized data obtained using AFM
shown in Figure 1a). Figures 1b) and 1c) show the por-
tion of the height profile used for curve fitting as well
as the best fit to the experimental data of PS(28k) and
PS(490k), respectively. As seen in this figure, PS(490k)
exhibits a monotonic decay with a long decay length indi-
cating a strong slip boundary condition at the polymer-
solid interface with b = 4.49 ± 0.66µm > 10h0, whereas
PS(28k) exhibits a shorter decay length and an oscilla-
tory decay profile indicating a weak slip boundary con-
dition with b = 15± 2 nm < 0.1h0.
We first examine the slip length of monodisperse PSs
as shown in Figure 2. The molecular weight dependence
of the slip length of PS on AF 1600 has previously been
investigated;14 we find that PS on AF 2400 exhibits the
same slip behavior as it did on AF 1600. For monodis-
perse PSs, samples with molecular weights below the
critical molecular weight: M < Mc (Mc ≈ 35 kg/mol
for PS)31 exhibit weak slip with almost a constant value
of slip length on the order of a few nanometers. The
slip length of samples of M > Mc shows a power law
4FIG. 1. a) Normalized height profiles, h/h0, as a function of
distance from the contact line, ζ/R with ζ the distance from
the contact line and R the hole radius. The profiles shown are
for PS dewetting from AF 2400: PS(28k) with h0 = 120 nm,
hole radius R = 5.9µm and T = 120 ◦C, and PS(490k) with
h0 = 172 nm, hole radius R = 6.8µm and T = 150
◦C. b)
Best fit to experimental data for PS(28k); and c) the best
fit to experimental data for PS(490k) using oscillatory and
monotonic decays, respectively.
dependence9 b ∼ M3. The small deviation of the data
from the theoretical line at the highest molecular weight
may be the result of the extreme sensitivity of the fric-
tion coefficient of thin films to atomistic differences in
the substrate composition, as shown in ref [13].
In the linear Navier slip model, the slip length is de-
fined as the ratio of melt viscosity, η, to the friction coeffi-
cient, κ, i.e., b = η/κ, which is obtained by balancing the
stress at the fluid-solid interface.9 In the dewetting exper-
iments, the Weissenberg numbers are always very small
(Wi = γτ < 0.2, where γ and τ are the shear rate and
polymer relaxation time)14 and therefore non-Newtonian
behavior such as shear thinning or viscoelasticity27 can
be safely excluded. The melt viscosity can therefore be
represented by the zero shear viscosity, η0, which only de-
pends on the value of Mw.
2 What can be critical in slip of
polydisperse polymers is the value of Mn sensitive to the
content of short chains – which can affect the polymer slip
behavior via the friction coefficient. We therefore start
examining mixtures of a fixed Mw and varying Mn. The
samples of type S2fc (see Table 1) contains three samples
with Mw = 318± 2 kg/mol and Mn values ranging from
20 to 206 kg/mol.
FIG. 2. Slip length versus molecular weight of monodisperse
PSs on AF 2400. The dashed line shows the theoretical M3
scaling beginning for Mw > 35 kg/mol. The dotted line drawn
for M < Mc ≈ 35 kg/mol shows the constant slip length for
low molecular weights for which entanglements are not im-
portant.
The temporal evolution of the dewetting holes of the
Mw-fixed mixtures on AF 2400 at Td = 150
◦C are shown
in Figure 3. As seen therein, the growth rate of the
dewetting holes significantly increases when Mn is de-
creased. This indicates that flow dynamics of polydis-
perse polymers can be extremely sensitive to the value
of Mn. The enhanced growth rate of dewetting holes
with lower Mn is likely due to the combined influence
of variations in the viscosity and slip length. Regarding
the viscosity, we note that although Mw is approximately
the same among these samples, Tg can however be dif-
ferent among these samples depending on their composi-
tions. For PS, Tg depends sensitively on Mn especially for
molecular weights below Mc.
32 Therefore, samples con-
taining significant numbers of chains with M < Mc pos-
sess a lower Tg and thus a lower viscosity.
2 The faster
dynamics of the low Mn samples can hence be due to
their lower viscosity and it is difficult to conclude about
their slip behavior based solely on the hole dynamics
alone.9,33,34 This fact highlights the importance of inves-
tigating the slip behavior of these samples through their
rim profiles.
Figure 4 shows the slip length of the same PS sam-
ples in Figure 3 along with data at two other dewetting
temperatures: 140 ◦C and 130 ◦C. Here, all samples of
the same Mn examined at different dewetting temper-
atures were prepared from the same film cast on mica,
and thus have the same preparation and pre-annealing
history. The sample with Mn = 20 kg/mol shows the
largest slip length of the three investigated blends of
S2fw, significantly higher than that of the sample with
Mn = 206 kg/mol.
5FIG. 3. Hole radii, R, as a function of time, t, for dewet-
ting holes in thin films (h0 ≈ 150 nm) of Mw-fixed mixtures
(S2fw) on AF 2400 at T = 150
◦C; for ease of comparison t0 is
taken as the time for which holes have R = 4µm. The legend
indicates Mn of the films.
A decrease of the dewetting temperature has a min-
imal effect on the value of the slip length of the inves-
tigated samples. According to the WLF equation,35 a
decrease in the temperature results in an exponential in-
crease in the film viscosity (roughly a decade per ten
degrees centigrade for the temperatures presented here).
With the exponential increase in the melt viscosity, the
slip length might be expected to increase since the linear
Navier model used here predicts that b = η/κ. However,
consistent with Ba¨umchen et al.14 for the slip of PS on
AF 1600 (a similar fluoropolymer coating), we observe
that the slip length data in Figure 4 are almost insensi-
tive to the change of the dewetting temperature. This is
perhaps due to the simultaneous change of the friction
coefficient at the PS/PTFE interface along with the PS
bulk viscosity.
The enhanced slip of the low Mn samples in Figure
4 signifies the crucial effect of short chains on slip of
polydisperse polymers on low surface energy substrates.
Since the highest slip length in this graph corresponds
to the sample containing the shortest chains as listed in
Table 1, it is interesting to further investigate the effect
of the size of short chains. To this end, we examine bi-
nary mixtures of long and short chains in which the size
and content of the HMW component is fixed while the
size of LMW component varies (S3fc in Table 1). Figure
5a) shows the slip length of S3fc samples as a function of
the molecular weight of the LMW component denoted by
M . All dewetting experiments were done on AF 2400 at
Td = 150
◦C. The slip length of pure PS(490k) is added
to this graph for comparison. We note that PS(490k)
has a significantly higher Mw in contrast to an aver-
age of Mw = 447 ± 5 kg/mol for binary mixtures. This
causes a significant difference in the slip length of pure
PS(490k) versus binary samples: mixtures exhibit a lower
slip length due to their lower Mw. However, as seen in
Figure 5a), the slip length decrease due to the lowerMw is
only seen for certain binary mixtures. In contrast, binary
mixtures containing short chains of M < Mc (samples:
S3fc(5k) and S3fc(28k)) exhibit enhanced slip.
The slip length of the two previous sample sets, i.e.,
mixtures of Mw = 318 ± 2 kg/mol (Td = 150 ◦C) and
S3fc binary mixtures with Mw = 447 ± 5 kg/mol can be
compared. Figure 5b) shows the slip length of the two
samples sets as a function of Mn. As can be seen, there
is a general trend of the increase of the slip length with
the decrease of Mn. These results suggest that among
mixtures of the same Mw those with a higher content of
short chains of M < Mc are likely to exhibit larger slip
lengths.
To study this hypothesis rigorously, we investigate the
effect of the content of short chains in binary mixtures.
Two sets of binary mixtures – S4bi(28k) and S5bi(86k)
detailed in Table 1 – with different compositions were
examined. The choice of PS(28k): M < Mc versus
PS(86k): M > Mc is made based on their slip behavior
in Figure 5a) and the fact that their molecular weights
fall just below and just above Mc, respectively. Figure
6 shows the slip length of S4bi(28k) and S5bi(86k) as a
function of the composition of PS(490k), φPS(490k). In
this graph, φPS(490k) = 1 represents the slip length of
pure PS(490k) and φPS(490k) = 0 represents the slip
length of pure PS(28k) and PS(86k) samples.
Interestingly, the slip behavior of the two sample sets
relative to one another may be divided into two different
regions with respect to φPS(490k) = 0.5. For samples
FIG. 4. Slip length of Mw-fixed mixtures (S2fw) on AF 2400
as a function of Mn at different dewetting temperatures, Td,
as indicated in the legend. The solid line is a guide to the
eye.
6in which φPS(490k) ≤ 0.5, the slip length of mixtures
changes according to their corresponding Mw, i.e., binary
mixtures containing PS(86k) exhibit equal or larger slip
length than those containing PS(28k) because of higher
Mw. For samples with φPS(490k) > 0.5, the slip length is
significantly dependent on the size and content of short
chains. Binary mixtures containing 10 and 30 wt% of
PS(28k) exhibit larger slip lengths than those containing
PS(86k). In particular, it is interesting to note that the
sample S4bi(28k)-30% with Mw = 352 kg/mol and Mn =
79 kg/mol exhibits as large slip length as pure PS(490k).
The slip behavior of binary mixtures in Figure 6 in-
dicates that both size and content of short chains are
important factors in slip of polymer mixtures on low en-
ergy surfaces. In this regard, chains of M < Mc are of
specific importance when mixed with highly entangled
polymers in lower proportions.
As shown by Brochard and de Gennes in their model
for slip of monodisperse entangled chains,9 the polymer
FIG. 5. a) Slip length of S3fc binary mixtures (φPS(490k) =
0.90 in all samples) on AF 2400 versus the molecular weight
of the LMW component, M ; the dotted line shows M ≈Mc.
b) Slip length versus Mn for two sets of Mw-fixed mixtures.
slip length – defined as the ratio of melt viscosity to the
friction coefficient at the slip plane, b = η/κ – shows a
strong molecular weight dependence as b ∼ M3. This
power law dependence is confirmed here in Figure 1, and
was first demonstrated experimentally in the work of
Ba¨umchen and co-workers.14 The molecular weight de-
pendence of b in Brochard and de Gennes relation comes
from the dependence of the viscosity in the reptation
model, the viscosity scaling with molecular weight9 as
η ∼ M3. The friction coefficient in the Borchard-de
Gennes relation is κ = κ0, where κ0 is considered to be
the constant friction coefficient of main chain monomers,
and therefore independent of M . While this is a good
approximation for monodisperse, highly entangled chains
for which this model was developed, it may not be a good
approximation for the polydisperse melts we study here.
The slip mechanism of polymers on low energy surfaces
is believed to be due to adhesive failure in which the slip
plane is located at the polymer/solid interface. The fric-
tion coefficient at the polymer/solid interface can thus be
molecular weight dependent due to the change in the con-
tent of species (end groups versus backbone units) coming
into contact with the solid surface as M varies. As with
the surface tension of polymers,36,37 the friction coeffi-
cient is an interfacial property and may hence depend on
the chemistry of monomers present at the solid/liquid in-
terface. Moreover, it has been suggested that the friction
coefficient is highly dependent29 on physical characteris-
tics of chains present at the interface. At small values
of M , therefore, we expect that the friction coefficient
to be significantly affected by the end group properties
whereas backbone properties become dominant as M in-
creases (cf. the model of Brochard and de Gennes7,9).
The disparities between backbone units and end groups
are specifically important in polydisperse polymers of
FIG. 6. Slip length b versus φPS(490k) for two sets of binary
mixtures on AF 2400.
7broad molecular weight distributions. For instance, poly-
disperse samples of the same Mw differ in the end group
to backbone ratio depending on their Mn values. Accord-
ingly, polydisperse polymers with large polydispersity in-
dices are rich in the number of end groups which affect
their interfacial properties, as revealed by measurements
of the surface tension,36 for example, or measurements of
chain end segregation near high energy surfaces.38 As we
observe in the present work, short chains of M < Mc can
significantly enhance the slip length of highly entangled
PS mixtures on AF 2400. This may be due to the pres-
ence of end groups at the PS-solid interface via the incor-
poration of short chains into the sample. As a result of
this incorporation, the friction coefficient which is domi-
nantly governed by the backbone characteristics in case
of pure PS(490k) becomes influenced by characteristics
of end groups in binary mixtures. In addition to the fact
that the monomeric friction coefficients may differ be-
tween backbone and chain end monomers, full chain dy-
namics are as well influenced by chain end enrichment.38
Chain dynamics of polymer blends are known to show
complex behavior on different timescales39,40 in bulk, and
the extent to which the end-enriched interfacial sample
portions are dynamically different from the bulk may be
reflected in the space- and time-averaged measurement of
the slip length that we make here. We can therefore infer
that, for PS, a higher concentration of end groups at the
interface more strongly lowers the effective friction coeffi-
cient, comprising static and dynamic effects, than it does
the viscosity. Consequently, the slip length as extracted
from the rim shape analysis is enhanced.
The extent of the presence of end groups at the in-
terface can also be significantly higher than that in the
bulk. There have been many experimental and theo-
retical studies on surface enrichment of end groups at
the surface or interface.21–24 Molecular dynamics (MD)
simulations from Daoulas and coworkers41 showed that
polyethylene chain ends segregate to both liquid/vapour
and solid/liquid interface. Matsen and Mahmoudi us-
ing self-consistent field theory showed that chain ends
segregate to a narrow region next to the surface due to
entropic effects.42 In case of polystyrene, Kajiyama et
al.22 reported that thin films of PS with M < 30 kg/mol
spin coated on silicon wafer show enhanced mobility at
the air/PS interface, even at room temperature. The en-
hanced mobility was attributed to the surface localization
of chain end groups. They also showed that surfaces of bi-
nary and ternary mixtures of monodisperse PSs show en-
hanced mobility when a component with M < 30 kg/mol
is present.23. The slip length enhancing effect we ob-
serve in our binary and ternary mixtures containing short
chains of M < Mc can therefore be as well influenced by
the surface enrichment of chain end groups.
CONCLUSIONS
Slip lengths of monodisperse PSs and their binary and
ternary mixtures were examined on AF 2400 using dewet-
ting experiments. It was shown that chains of M < Mc
can significantly enhance the slip length of highly en-
tangled PS mixtures on AF 2400: among mixtures of
the same Mwthose containing chains of M < Mc exhibit
larger slip lengths, which is consistent with a lower value
of Mn. The slip enhancement effect of chains of M < Mc
in their binary mixtures with highly entangled chains is
only applicable when the content of the long chain com-
ponent, φL, is dominant (φL > 0.5). In particular, we
showed that a binary mixture of PS(490k) and PS(28k)
containing 30 wt% PS(28k) exhibits as large slip length
as pure PS(490k); the slip length reduced by almost a
factor of two when PS(28k) was replaced with PS(86k).
The present results suggest that the effect of short
chains, with M < Mc, on slip of highly entangled PSs
on AF 2400, is dominated by the presence of chain end
groups at the interface. It can therefore be concluded
that, for highly entangled PS, a higher concentration of
end groups at the interface results in a lower effective
friction coefficient which consequently enhances the slip
length. In this regard, the observed slip behavior can be
significantly influenced by the surface segregation mech-
anisms enriching the chain end groups at the interface.
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